A streamline-di usion nite element method, specially designed for semiconductor device models, is used to simulate silicon MESFET devices in two space dimensions. The full hydrodynamic model, a simpli ed hydrodynamic model and drift-di usion model are considered. The method, which reduces to the well-known Scharfetter-Gummel discretization for the conventional drift-di usion model in one space dimension, proves to be a robust numerical tool. It performs well also when the solution has layers of rapid variation across junctions which are not aligned with mesh lines. Comparisons are made for the di erent models. A qualitative discrepancy between the solutions of the hydrodynamic model and the drift di usion model is found. A small di erence, however, is observed between the full and simpli ed hydrodynamic models.
Introduction
With the development of VLSI technology, the more reliable semiconductor device models beyond the conventional drift-di usion model (DD) are needed. The hydrodynamic model (HD), derived from higher moments of the Boltzmann equation, is a suitable balance between the physical accuracy and computational e ciency for nowadays submicron scaled devices. However, the HD model is less well-understood than the DD model. Numerical solutions of the semiconductor device equations therefore play an increasingly important role in the context of device simulations.
The HD model consists of a set of nonlinear incompletely hyperbolic/parabolic conservation laws for electron density, current and energy, and Poisson's equation for the electrostatic potential. Its reliable and e cient numerical simulation provides a challenge. The presence of hyperbolic modes in the HD model admits shocks, or discontinuities of solutions. Shocks were simulated for a + ? ? + diode by Gardner 7] and Fatemi el al. 5 ] in one space dimension and by Jiang 10] in two space dimensions. In these simulations, robust upwinding numerical methods were employed, which rendered the success of shock capturing.
The metal-semiconductor eld e ect transistor (MESFET), one of the fundamental de- This work was partially supported under NSERC grant OGP0004306
and 9] proved to be useful when sharp layers occur. In this paper, a MESFET device at room temperature is simulated e ectively by the streamline-di usion nite element method (SD) with a consistent Poisson solver, using the HD as well as DD models. The advantages of the method are: (1) the algorithm does not need particular adjustments in the case that shocks or sharp changes of solutions are present, so it is a general-purpose method suitable for both hyperbolic and parabolic problems; (2) it introduces a local dissipation which suppresses oscillations without strongly degrading the sharpness of shocks or interior layers; (3) it is suitable for handling multi-dimensional cases and layers do not need to be aligned with mesh lines. Interestingly, the method is identical to the well-known Scharfetter-Gummel Note that (2.4) and (2.5) are identical in the steady state case (with T = T 0 ). DD2 can be viewed as a mixed formulation of DD1. However, numerical solutions of the two models are no longer the same.
All the above models are subject to initial and boundary conditions. Before discussion of initial and boundary conditions, we consider the simplest case, namely, the thermal equilibrium state, which enables us to understand the physical nature of the device.
(b) Thermal Equilibrium A typical MESFET structure is shown in Fig. 1 . The main feature of the device is the formation of the so-called Schottky barrier at the interface of the gate by intimately contacting the semiconductor to the metal. The commonly employed energy band diagram can be used to describe the physical characteristics of the device (see Fig. 2 for the energy band near the gate in the thermal equilibrium). When metal and semiconductor get closer, the energy bands (conduction band E C and valence band E V ) are bent. To deal with this situation, we introduce a working function e m describing the material di erence and e B a quantity called the barrier height. In 
Streamline Di usion Formulations
To solve the system (3.1) e ciently, the SD method, designed in 10], is used here. is similar to the multi-dimensional extension of Scharfetter-Gummel's method in 15], if a suitable`optimal' is selected. In 15], the numerical electric eld E h is assumed to be piecewise constant, therefore the (SD) part in (3.6) can be simpli ed to (r ( 0 h E h ); 0 E h r ) = ( 0 E h r h ; 0 E h r ):
Here, we use a piecewise linear approach to E h (see subsection 3.3). 
The choice of

Poisson Solver
Let us consider the potential equation (2.2) in the form ?r r = L(x) (3.14) in , assuming for this purpose that is a known function. The equation (3.14) is subject to the mixed boundary conditions j ? 1 = g 0 ; (3.15) E n j ? 2 = 0:
In our context, E = r is a more important physical variable than and is the only quantity that passes the information to the conservation laws. We need a numerical method which yields an accurate E. We rewrite (3.14) in the mixed form r E ? L = 0; r + E = 0:
It is natural to consider a mixed nite element method for the above. However, this requires that the nite element spaces for and E be compatible, i.e., that the space pair satis es the Brezzi-Babu ska condition or the construction of di erent nite element spaces for and E is necessary. To circumvent this constraint, we consider the following method. where a(p; q) = (p; q) + (r p; r q) + (r p; r q)]; (3.21) b(w; q) = (w; r q); (3.22) c(v; w) = (rv; rw): which is compatible to the order for the solutions of the SD method. The advantage of the method compared to classical methods is that it achieves a higher order of accuracy for E and avoids using staggered grids. Thus it is very e cient when being used along with the SD formulations. Also notice that (3.20) is actually decoupled, therefore it saves computation time (in comparison with the normal mixed nite element method).
Numerical Results
We simulate two-dimensional silicon MESFET devices by the SD methods described above. The formulations (3.3) or (3.6) are further discretized in time by the backward Euler scheme. This is equivalent to a constant-in-time time-space nite element scheme. It is appropriate for obtaining solutions of steady state problems that we concern with for the device simulation. The so-called explicit predictor/multi-corrector algorithm (see 10 A uniform grid of 96 32 points is used rst. The surface plots of electron densities of the four models are shown in Fig. 5 . We nd that solutions of HD models are di erent from those of DD models. The HD and SHD models have boundary layers for near the drain, whereas the DD2 and DD1 models do not exhibit such layers. This is a noticeable phenomenon of the hot e ect by the hydrodynamic models. Mathematical analysis of the possible formation of boundary layer in the out let boundary of the device for the HD model was given by Gamba (see 6]). Also, there are valleys in the solutions of the HD models, which stretch from the gate region through the substrate.
The electron current is an important component in device simulation. In Fig. 6 , we present the current ows of models DD2, SHD and HD. It clearly shows the ow of electrons from the source to the drain. In our simulation, the leakage current of electrons is correctly computed (from the semiconductor towards the gate), although it is very small. This is noticeably di erent from that of 3]. We detect an error in the current around the junction near the source, but not near the drain. This might be caused by the numerical dissipation, which is mainly manipulated by the shock capturing term. Since the current is very sensitive, it is easily polluted by any perturbation. We experimented with di erent values of the parameter . When decreases, we get a better current approximation. In order to control the possible oscillation of solutions and achieve stability of the numerical computation, we pay a little price of slightly losing accuracy in the sharp change regions. However, the approximated electron current obtained does not exhibit non-physical behavior, i.e., there is no recirculation of the electron ow (cf. 3]). We provide temperature pro les for the HD and SHD models in Fig. 7 and potentials for the HD and DD1 models in Fig. 8 . There is a bigger cusp in the temperature of the SHD model around the point x = 0:2; y = 0:2 than in the HD model.
We make the following observations: (i) The solutions for the HD model and SHD model are close except for the temperatures. In the device simulation literature, engineers more often than not prefer to use the SHD model, because it approximates the full HD model very well in many realistic situations and takes into account most important physical phenomena missing in the DD model. Such is the case in the simulation reported here. (ii) The SD method (3.6) with given in (3.8) (m=1), is`optimal' according to 14]. Comparisons were made by Sharma and Carey 15] for a diode and a MOSFET. Their evidence shows that the SD method causes less smearing than other SG extensions. The SD method for the DD2 model is reasonable although perhaps not`optimal' unless the system can be decoupled. The numerical experiments show that the results obtained for the DD2 model are no worse than those for the DD1 model. In Fig. 9 , cross-sectional electron densities at y=1.75 m of DD1 vs DD2 models and HD vs SHD models are given for the purpose of comparison.
A ner mesh of 192 64 points is used next. The electron density and current ow of the HD model are given in Fig. 10 . The electron current is slightly improved after the re nement, while the improvement of the electron density is almost invisible. A uniform grid of 96 32 is used again for this example. Simulated results for the HD model are shown in Fig. 11 . The numerical solutions behave qualitatively very well near the junctions. In fact, the SD method is so designed that it deals with this situation e ectively. We notice in this case that the boundary layer near the drain for the electron density is very mild, in contrast to that in example 1. This suggests that the formation of the boundary layers depends strongly on the geometric setting of the device. A similar phenomenon was simulated and analyzed using a 1-D current driven problem by Ascher et al. in 2] . 
Conclusion
We have applied the SD method to 2-D MESFET devices by using the HD and DD models. The method extends the well-known SG formulation. The performance of the presented numerical schemes is very satisfactory and the computational results meet the physical expectation well.
Comparisons of di erent models are made in the numerical simulation. They indicate that the results of the HD and DD models are qualitatively di erent. However, the results of the SHD and full HD models are relatively close in this simulation, especially for the electron density and current. 
